We have studied the activities of various microbial chitinases against chitosan with different degrees of deacetylation and found that all of the enzymes tested hydrolyzed about 20-45% 7V-acetylated chitosan as well as colloidal chitin. 1} Furthermore, to clarify the action pattern of chitinases on chitosan, oligosaccharides produced in the hydrolysis of partially A^-acetylated chitosan by Aeromonas hydrophila chitinase were separated and their sugar compositions and sequences were identified.2) Four hetero-chitooligosaccharides containing one molecule of GlcN, in which the reducing end residues are GlcNAc, were identified as the hydrolysis products of chitosan. However, the mode of action of other microbial chitinases on chitosan has not yet been studied.
Hetero-chitooligosaccharides were first isolated from a digest of partially N-acetylated chitosan by lysozyme and used for study of the lysozyme-catalyzed reaction.3) In our previous report, 1} Streptomyces griseus chitinase was the most active on partially TV-acetylated chitosan 3191 amongthe microbial chitinases tested. Therefore, it is presumed that S. griseus chitinase is useful not only for elucidating the action pattern of chitinase on chitosan but for producing hetero-chitooligosaccharides by the enzymatic hydrolysis of chitosan. Thus, we attempted to isolate and to identify oligosaccharides produced during the course of the hydrolysis of partially Af-acetylated chitosan by S. griseus chitinase. In this paper, we describe how S. griseus chitinase specifically hydrolyzes the iV-acetyl-j5-D-glucosaminidic bonds in chitosan molecules and hetero-chitooligosaccharides containing two molecules of GlcN, in which the reducing end residues are GlcNAc, are also isolated.
Materials and Methods
Materials. Chitosan was the product of Katakura Chikkarin Co., Ltd. and its degree of deacetylation was 75 .0% by elemental analysis. A series of (GlcNAc)n (n = 2-5) was supplied by NFI Laboratories, Yaizu Suisan Kagaku Industry Co., Ltd. GlcNAc and 2,5-anhydromannitol were purchased from the Sigma Chemical Co. and Abbreviations: GlcNAc, 2-acetamido-2-deoxy-D-glucopyranose; (GlcNAc)n, oligomers of GlcNAc (n = degree of polymerization); GlcN, 2-amino-2-deoxy-D-glucopyranose; /?-GlcNAcase, /?-7V-acetylgmcosaminidase; jS-GlcNase, exo-^-glucosaminidase; HPLC, high performance liquid chromatography. 7V-acetylated chitosan; | 1, pooled; Vo, void volume.
2-deoxyglucose from Seikagaku Kogyo Co., Ltd. CMSephadex C-25 and Toyopearl HW-40Fwere obtained from Pharmacia Fine Chemicals and Tosoh Co., Ltd., respectively.
Enzymes. Chitinase from Streptomyces griseus (Lot 48F-4032) was purchased from the Sigma Chemical Co. Nine mgof the chitinase powder was dissolved in 0.02m phosphate buffer (pH 6,0) and put on a column ofSephadex G-100 (2.6 x 94cm) equilibrated with the same buffer. The column was eluted with 0.02 m phosphate buffer (pH 6.0)
at a flow rate of 15ml per hr and 3-ml fractions were collected. When chitinase activity and the activity toward 25% TV-acetylated chitosan were assayed under the conditions described below, both activies were eluted in parallel to give similar peaks at the position of about two times the void volume of the column, as shownin Fig. 1 . The active fractions were combined and used as the purified enzyme, which gave a single band of protein on polyacrylamide disc gel electrophoresis. The specific activity of the purified chitinase was 2.08 units per mg protein under the assay condition described below. jS-GlcNAcase from Pycnoporus cinnabarinus IFO 6139 was purified by the procedure described previously.4) /?-GlcNase from Nocardia orientalis IFO 12806 was a gift from NFI Laboratories, Yaizu Suisan Kagaku Industry Co., Ltd.5) Enzyme assays. Chitinase activity was assayed in a reaction mixture containing 1.0 ml of0.5% colloidal chitin, 2.0ml of0.2m Na2HPO4-0.1 m citric acid buffer (pH 6.0), and 1.0 ml ofenzyme solution. After incubation for 20 min at 37°C with shaking, the reaction was stopped by boiling and the mixture was then centrifuged. Reducing sugar produced in the supernatant was measured by the modified Schales method,6) with GlcNAcas a reference compound. One unit of chitinase activity was defined as the amount of enzymewhich produced one /rniol of reducing sugar per min. The activity toward 25% iV-acetylated chitosan was assayed in a reaction mixture consisting of 1.0 ml of0.05% chitosan solution in 0.1 m acetate buffer (pH 5.3) and 0.5 ml ofenzyme solution. The mixture was incubated for 30min at 37°C and reducing sugar produced was measured by a modification ofSchales method,6) with GlcN as a reference compound. One unit of the activity was defined as the amount of enzyme which produced one /zmol of reducing sugar per min. /?-GlcNAcase and /?-GlcNase activities were assayed by the procedures described in our previous paper. (0.08 units) was incubated for 20hr at 37°C. The reaction was stopped by boiling for 3min and the hydrolysis products were analyzed by HPLC. Exo-splitting of oligosaccharides by successive action of /?-GlcNAcase and /?-GlcNase was done by adding the other enzyme after the reaction with one enzymewas stopped.
Nitrous acid degradation ofoligosaccharides.
The nitrous acid degradation8) of each oligosaccharides was done by the procedure described in our previous paper.2)
Hydrolysis of25% N-acetylated chitosan by chitinase. A mixture consisting of 500ml of 0.6% chitosan in 0.1 m The hydrolyzate from 1.5g ofchitosan was put on the column and the experimental details are described in thetext.
-à"-, reducing sugar; , NaCl; | 1, pool ed.
acetate buffer (pH 5.3), 5ml of2.04% NaN3, and 5ml of S. griseus chitinase (1.1 units) was incubated for 48hr at 37°C. After the addition of2.5ml ofchitinase (0.55 units), the mixture was further incubated for 48 hr at 37°C. The reaction was stopped by boiling for 5min. The extent of the hydrolysis of chitosan after 96hr was 24.7% by the modified Schales method.6) The reaction mixture (740 mg as reducing sugar) was adjusted to pH 9.5 by adding 0.1 n NaOHand the precipitate composed of high molecular weight products was removed by centrifugation. The solution (587mg as reducing sugar) was acidified to pH 5.0 by the addition of 1 n acetic acid, concentrated in a rotary evaporator under reduced pressure below 35°C, and dialyzed through an electric dialyzer (Micro Acilyzer Gl, Asahikasei Kogyo Co., Ltd.) so that a dialyzed solution (28 ml, 514mg as reducing sugar) was obtained. In addition, chitosan was hydrolyzed separately for 5 and lO hr in the same reaction mixture as described above, to detect oligosaccharides produced in the early stages of the hydrolysis. The extents of the hydrolysis of chitosan after incubation for 5 and 10hr were 12.1 and 16.6%, respectively. The dialyzed hydrolyzates containing 212 and 316mg as reducing sugar were prepared from the hydrolysis for 5 and 10h, respectively, in the manner described above.
Separation of oligosaccharides. The dialyzed hydrolyzates after incubation for 5, 10, and 96hr (half volume for the hydrolyzate after 96hr) were separately put on a column (2.6 x 47.0cm) of CM-Sephadex C-25 previously equilibrated with 0.01 M acetate buffer (pH 5.0). After the column was washed with 0.01 m acetate buffer (pH 5.0), oligosaccharides were eluted with a linear gradient from 0 to 1.0m NaCl in the same buffer, at a flow rate of26ml per hr. The results are shown in Figs. 2 and 3. Fractions from F-l to F-7 excluding F-5, as indicated by a bar in Fig. 2 , were combined, concentrated by a rotary evaporator under reduced pressure below 35°C, dialyzed through an electric dialyzer, and then lyophilized. The yields of F-l, F-2, F-3, F-4, F-6, and F-7 were 25. 7, 2.8, 55.2, 28.8, 21.3, and 36.5 mg as reducing sugar, respectively. Three F-l fractions, which passed through the columns in Figs. 2, 3A, and 3B, were separately put on a Toyopearl HW-40F column (2.6 x 89.0cm) and eluted with water at a flow rate of29ml per hr. The results are shown in Fig.  4 . F-l-1 (Fig. 4A ), F-l-2, and F-l-3 ( Fig. 4C ) as well as F-2' (Fig. 3B) , as indicated by a bar, were pooled for study of sugar compositions and sequences.
Results
Production ofoligosaccharides during the course of the hydrolysis of chitosan by Streptomyces The hydrolyzates from 3.0 g of chitosan were put on the column and the experimental details are described in the text. -#-, reducing sugar; , NaCl; | 1, pooled.
( Fig. 3A) , but it completely disappeared after incubation for 10 and 96hr (Figs. 3B and 2) and its sugar sequence was not identified. As shown in Fig. 4 , F-l consisted of two peaks, F-.1-1 and F-l-2, after incubation for 5hr (Fig.  4A ), but F-l-1 rapidly disappeared and F-l-3 was newly produced after incubation for lO hr (Fig. 4B) , and the amount of F-l-3 increased as the hydrolysis proceeded (Fig. 4C) .
Homogeneity of the fractions isolated in Figs. 2, 3 , and 4 was examined by HPLC. As shown in Fig. 5, F-l-1, F-l-2, F-l-3, F-2, F-3 , F-4, and F-2' were nearly homogeneous. F-6 and F-7 were almost homogeneous after further purification by rechromatography on CM-Sephadex C-25 and HPLC on Radial-PAK/iBondapak NH2. These fractions were used for study of sugar compositions and sequences of oligosaccharides. However, fractions F-5 and F-8 to F-13 in Fig. 2 were not further studied, because they consisted of two oligosaccharides or more. F-l-1, F-l-2, and F-l-3 were eluted at the same retention time as that of authentic (GlcNAc)3, (GlcNAc)2, and GlcNAc, respectively, on HPLC. On the other hand, F-2, F-2', and F-6 appeared at the Samples from nine fractions were put on separately a Radial PAK\i Bondapak NH2column (8.0 x 100mm) and eluted with acetonitrile-water (72 : 28). The absorbance at 210nmwas monitored with a UVdetector. S, standard (GlcNAc)n (n= 1-5).
elution positions later than that of (GlcNAc)4 and at the same position as that of (GlcNAc)4 after their 7V-acetylation. F-3 and F-7 were eluted more slowly than (GlcNAc)3, and F-4 was more slowly than (GlcNAc)2. However, 7V-acetylated compounds of F-3 and F-7, and that of F-4 appeared at the same positions as those of (GlcNAc)3 and (GlcNAc)2, respectively. These results suggest that fractions F-2 to F-7 and F-2' are hetero-chitooligosaccharides consisting of GlcN and GlcNAc, and that the numbers of sugar residues ofF-2, F-2', and F-6 are 4, those ofF-3 and F-7 are 3, and that ofF-4 is 2.
Analysis of sugar sequences of oligosaccharides by exo-splitting with glycosidases Samples from each fraction were hydrolyzed by P. cinnabarinus jS-GlcNAcase and N. orientalis /?-GlcNase. The results are summarized in Table I and an example of exo-splitting of F-2' by successive action of both enzymes is shown in Fig. 6 . As the absorbance at 210nm was monitored in these HPLC's, GlcNAcand GlcNAc-containing oligosaccharides were detected as the hydrolysis products. F-l-1 and F-l -2 were completely decomposed by GlcNAcase to GlcNAconly, indicating that F-l-1 and F-l-2 were (GlcNAc)3 and (GlcNAc)2, respectively. F-2 was not attacked by jS-GlcNase, but F-2' and F-3 to F-7 in Table I GlcNAcwas detected as the products. In the hydrolysis of F-2' (Fig. 6C) , F-3, and F-4 by /?-GlcNase, the production of (GlcNAc)3, (GlcNAc)2, and GlcNAc, respectively, were observed. These results suggest that F-2 is the tetrasaccharide with GlcNAcat the nonreducing end residue, and F-2', F-3, and F-4 were the tetra-, tri-, and disaccharide, respectively, with GlcN at the nonreducing end residues.
Furthermore, F-6 was hydrolyzed by /?-GlcNase to produce (GlcNAc)2 and a trisaccharide, which was further split by /?- Hydrolysis products from successive action of Fractions^-GlcNase^-GlcNAcase^-GlcNase
F-7 GlcNAc
Samples from each fraction were hydrolyzed by successive action of /?-GlcNase and /?-GlcNAcase in order from left to right. GlcNAc and GlcNAc-containing oligosaccharides in the hydrolyzates were detected in HPLC, by monitoring the absorbance at 210nm. -, not tested; F-3', a trisaccharide different from F-3.
GlcNAcase into GlcNAc and F-4, and by successive action of /?-GlcNAcase and j3-GlcNase to GlcNAc. F-7 was also hydrolyzed by^-GlcNase to form GlcNAc. Therefore, it is probable that F-6 is a mixture of two tetrasaccharides with different sugar sequences and F-7 is a trisaccharide different from F-3 in its sugar sequence, and their nonreducing end residues are GlcN.
Nitrous acid degradation of oligosaccharides
Sugar sequences of hetero-chitooligosaccharides that are presumed from the results of 
GlcN à" GlcNAc à" GlcNAcol^M + GlcNAc à" GlcNAcol F-7
GlcN à" GlcN à" GlcNAcol^M + M + GlcNAcol F-2 GlcNAc à" GlcN à" GlcNAc à" GlcNAcol-+GlcNAc à" M + GlcNAc à" GlcNAcol F-2' GlcN à" GlcNAc à" GlcNAc à" GlcNAcol^M + GlcNAc à" GlcNAc à" GlcNAcol F-6
GlcN à" GlcN à" GlcNAc à" GlcNAcol^M + M + GlcNAc à" GlcNAcol GlcN à" GlcNAc à" GlcN à" GlcNAcol-*M + GlcNAc à" M + GlcNAcol M, 2,5-anhydromannose; GlcNAcol, 7V-acetylglucosaminitol. exo-splitting with both glycosidases, and their possible degradation products with nitrous acid are illustrated in Table. II. HPLCpatterns of degradation products from each fraction are shown in Fig. 7 . F-4 (D) was degraded to 2,5-anhydromannose and iV-acetylglucosaminitol, and F-3 (C) to 2,5-anhydromannose and 7V,7V-diacetylchitobiitol.
These results indicate that F-4 is a disaccharide with the sugar sequence of GlcN-GlcNAc and F-3 is a trisaccharide with that of GlcN à" GlcNAc à" GlcNAc. The products from F-2 (A) were an unknown compound, probably JV-acetylglucosaminyl-2,5-anhydromannose, and iV,7V-diacetylchitobiitol, and those from F-2' (B) were 2,5-anhydromannose and 7V,7V,7V-triacetylchitotriitol. From these results, it is evident that F-2 and F-2' are tetrasaccharides with sugar sequences of GlcNAcà"GlcNà"GlcNAcà"GlcNAc and GlcN-GlcNAc-GlcNAc-GlcNAc, respectively. F-7 (F) was also degraded to 2,5-anhydromannose and TV-acetylglucosaminitol, as found in the degradation of F-4. F-7 was a trisaccharide from which only GlcNAc was formed by exo-splitting with GlcNase.
Thus, it is probable that the sugar sequence of F-7 is GlcN-GlcN-GlcNAc. On the other hand, F-6 (E) was degraded mainly to 2,5-anhydromannose and 7V,7V-diacetylchitobiitol, accompanied with the production of the same unknown compound as in F-2 and iV-acetylglucosaminitol.
The results of exosplitting with glycosidases and of nitrous acid degradation strongly suggest that F-6 is a mixture of two tetrasaccharides with sugar sequences of GlcNà" GlcNà" GlcNAcà" GlcNAc and GlcN à" GlcNAc à" GlcN à" GlcNAc.
Hydrolysis of oligosaccharides by Streptomyces griseus chitinase
The action of S. griseus chitinase on the oligosaccharides with three and four sugar residues was further studied under the condition described in Materials and Methods and the products were detected by HPLC(data not shown). S. griseus chitinase slowly hydrolyzed F-l-1 into (GlcNAc)2,and GlcNAc. F-2' was also cleaved by this enzyme to form GlcN-GlcNAc and (GlcNAc)2. The enzyme hydrolyzed F-2 at very slow velocity to (GlcNAc)2 and an unknown compound, probably GlcNAc à" GlcN. However, the other hetero-chitooligosaccharides such as F-3, F-6, and F-7 were not cleaved.
Discussion
The hydrolyzate of 25% 7V-acetylated chitosan by S. griseus chitinase was fractionated by CM-Sephadex C-25 column chromatography into N-acetylated saccharides and manyhetero-chitooligosaccharides consisting of GlcNAc and GlcN. The elution pattern shown in Fig. 2 is similar to that of the digest of 34% 7V-acetylated chitosan by A. hydrophila chitinase.2) In this study, the amount of F-3 was much greater than that of F-4, although the reverse was found in the chitosan digest by A. hydrophila chitinase. 7V-Acetylated saccharides increased during the course of the hydrolysis of chitosan (Figs. 3A, 3B , and 2).
(GlcNAc)3 appeared only in the initial stage of the hydrolysis of chitosan and was further decomposed into (GlcNAc)2 and GlcNAc after prolonged incubation (Fig.  4) . However, (GlcNAc)3
had not been detected in our previous study,2) because oligosaccharides were isolated from the hydrolyzate after incubation for 96hr. Kurita et al.9) have reported that the iV-deacetylation of chitin by alkali under heterogeneous condition proceeds preferentially in the amorphous region in deacetylating chitin to give block-type copolymers consisting of GlcNAc and GlcN. As 25% 7V-acetylated chitosan used in this study was prepared by heterogeneous 7V-deacetylation of chitin, GlcNAc residues would probably be distributed as blocks in the chitosan molecules. Therefore, it can be presumed that 7V-acetylated saccharides are produced from such blocks in 25% 7V-acetylated chitosan. The hetero-ehitooligosaccharides isolated in this study had GlcNAc as their reducing end residues and GlcN or GlcNAc as their nonreducing end residues. The proportion of GlcNAcin these oligosaccharides was greater than that of GlcNAc in 25% N-acetylated chitosan, because high molecular weight products containing a large quantity of GlcN were removed by the precipitation with alkali. Hetero-ehitooligosaccharides with GlcN at the reducing end residues, which had been isolated The fraction F-3 was composed of GlcNGlcNAcà"GlcNAc only and was not contaminated with GlcNAcà"GlcNà"GlcNAc, as found in the digest ofchitosan by A. hydrophila chitinase in our previous paper.
2) The structure of GlcN-GlcNAc-GlcNAc has been further confirmed by the analysis with NMRspectroscopy, as will be reported elsewhere. The yield of GlcNà"GlcNAcà"GlcNAc was very small in the chitosan digest by lysozyme.3) In this study, a yield of F-3 attained about 21% of the amount of reducing sugar put on a CMSephadex C-25 column. This trisaccharide is useful for studies of the lysozyme-catalyzed reaction, because the formation of an unproductive complex with lysozyme has been presumed.3) On the other hand, it is assumed that GlcNAc residues are distributed at random in partially A^-acetylated chitosan when chitin is 7V-deacetylated by the homogeneous alkaline hydrolysis.9) Therefore, the chitinase digestion of such random-type chitosan might be effective to produce heterochitooligosaccharides. Recently, the physiological importance of 7V-acetylchitooligosaccharides of (GlcNAc)4 to (GlcNAc)611~13) and that of chitooligosaccharides of (GlcN)4 to (GlcN)714) has been reported. However, physiological activities of hetero-chitooligosaccharides have not been studied.
As a large quantity of heterotrisaccharides is obtained from the digest of chitosan by S. griseus chitinase, study of its physiological activity would be expected. On the other hand, it has recently been reported that all of chitosan isolated from mycelia of fungi belonging to the family Mucoraceae, such as Absidia,15) Mucor,16) and Rhizopus,17) are about 10-20% N-acetylated. This means that microbial chitinases from S. griseus and A. hydrophila are useful even in the lysis of fungi containing not only chitin but chitosan as the
